Of the C 3 H x hydrocarbons, propane (C 3 H 8 ) and propyne (methylacetylene, CH 3 C 2 H) were first detected in Titan's atmosphere during the Voyager 1 flyby in 1980. Propene (propylene, C 3 H 6 ) was first detected in 2013 with data from the Composite InfraRed Spectrometer (CIRS) instrument on Cassini. We present the first measured abundance profiles of propene on Titan from radiative transfer modeling, and compare our measurements to predictions derived from several photochemical models. Near the equator, propene is observed to have a peak abundance of 10 ppbv at a pressure of 0.2 mbar. Several photochemical models predict the amount at this pressure to be in the range 0.3 -1 ppbv and also show a local minimum near 0.2 mbar which we do not see in our measurements. We also see that propene follows a different latitudinal trend than the other C 3 molecules. While propane and propyne concentrate near the winter pole, transported via a global convective cell, propene is most abundant above the equator. We retrieve vertical abundances profiles between 125 km and 375 km for these gases for latitude averages between 60
Additionally, using newly corrected line data, we determined an updated upper limit for allene (propadiene, CH 2 CCH 2 , the isomer of propyne). We claim a 3-σ upper limit mixing ratio of 2.5×10 −9 within 30 • of the equator. The measurements we present will further constrain photochemical models by refining reaction rates and the transport of these gases throughout Titan's atmosphere.
Introduction
Titan, the largest moon of Saturn, has a CH 4 surface mixing ratio of about 5%, measured by the Huygens GCMS (Niemann et al., 2010) , and decreasing with altitude into the stratosphere where it remains constant with altitude at 1-1.5%, as measured in Lellouch et al. (2014) . Titan is thought to have many similarities to the Archean Earth, including an atmosphere abundant in in N 2 and significant quantities of CH 4 as well as global haze layers which continually shroud Titan and may have occurred intermittently on Earth. While factors like temperature, sources of atmospheric CH 4 , and minor atmospheric constituents vary between the two bodies, Titan remains a good analog for studying the atmosphere of the Archean Earth (Arney et al., 2016; Izon et al., 2017) .
The global haze on Titan is produced through photolysis of CH 4 as Saturn Magnetospheric Electrons and solar UV photons bombard the upper atmosphere. The products of this process -highly reactive CH − 3 , H + , and N + ions, among others-may then react to form C 2 H 6 , C 2 H 4 , and other molecules. As this complex process continues, larger hydrocarbons (C x H y ) and nitriles (C x H y (CN) z ) react further to give rise to the 'photochemical zoo' of molecules present in Titan's atmosphere (Yung et al., 1984; Wilson and Atreya, 2004; Lavvas et al., 2008; Loison et al., 2015; Dobrijevic et al., 2016; Willacy et al., 2016 ).
Titan's 26.7
• obliquity (the axial tilt relative to the normal of the orbital plane), comparable to the Earth's 23.5
• obliquity, causes variations in the insolation of the moon over the course of a Titan year (about 29.5 Earth years). The resulting seasonal variations in the physical state of the atmosphere include molecule abundance (Vinatier et al., 2015; Coustenis et al., 2018) , temperature (Achterberg et al., 2011; Teanby et al., 2017) , and behavior of the haze layers , discussed more in the review by Horst (2017) . Noteworthy is the existence of a global circulation cell, which transports warm gases in the summer hemisphere towards the winter pole, where they subside lower into the stratosphere. This downward advection causes adiabatic warming in the winter stratosphere and entrains short-lived gases produced in the upper stratosphere, increasing their abundance lower in the atmosphere. As northern winter evolved to northern spring, this single circulation cell transformed into two circulation cells, upwelling near the equator and downwelling at both poles, as predicted in Hourdin et al. (2004) and observed in Teanby et al. (2012) .
For additional explanation of Titan's atmospheric dynamics and chemistry, the reader is directed to Brown et al. (2010) and Müller-Woodarg et al. (2014) .
Regarding the C 3 hydrocarbons, propane (C 3 H 8 ) and propyne (C 3 H 4 ) were initially detected in Titan's atmosphere after the 1980 Voyager 1 flyby through spectra acquired by the IRIS instrument. Abundances for propyne were first estimated by by comparing the strength of the 633 cm −1 Q-branch of propyne to the 721 cm −1 Q-branch of acetylene (also ethyne, C 2 H 2 ), and estimated to be on the order of 3×10 −8 . Propane was modeled in the same paper using a synthetic spectrum constructed for its ν 21 band, and a disk averaged value of 2×10 −5 was reported. These values were updated by Coustenis et al. (1989) to 4.4
−2.1 ×10 −9 for propyne and (7±4)×10 −7 for propane. Further weak bands of propane were detected by the Composite InfraRed Spectrometer (CIRS) aboard Cassini ). Over three decades later, CIRS spectra were used to make the first detection of C 3 H 6 (Nixon et al., 2013) , however an exact abundance could not be retrieved from modeling the spectra due to the lack of a spectral line list, although an abundance estimate was made by comparing the intensities of propene and propane lines, discussed more in Section 4.2.
Recent analyses have shown the abundance of propyne to vary strongly with season and latitude. Vinatier et al. (2015) , using limb viewing observations, showed the vertical gradient of C 3 H 4 increases dramatically over the mid northern latitudes as northern winter moves into northern spring and the polar vortex responds to the changing amount of sunlight. Coustenis et al. (2018) , using nadir observations to probe abundance in a narrow altitude range in the middle stratosphere, show a similar trend at latitudes closer to the pole, between 60
• and 90
• either side of the equator. In the same studies, propane was shown to have a more constant abundance in latitude and time, remaining constant within error bars near 1×10 −6 throughout the stratosphere, with the exception near the winter pole, where it increases with altitude.
Two C 3 hydrocarbons have yet to be firmly detected on Titan, allene (CH 2 CCH 2 , isomer of propyne) and cyclopropane (CH 2 CH 2 CH 2 , isomer of propene). There was a tentative detection of allene by Roe et al. (2011) , however an accurate line list was not available at the time of the study, thus the authors were not able to model the potential allene feature and confirm its detection. In this paper, we discuss members of the C 3 H x series known to be present in Titan's atmosphere-propane (C 3 H 8 ), propene (C 3 H 6 ), and propyne (CH 3 C 2 H). We also searched for allene and provide an new upper limit for allene in regions close to the equator. This work was enabled by the creation of a propene pseudo-line list for Titan (Sung et al., 2018) and an updated line list for allene (see Section 2.2).
We use spectra collected by the CIRS instrument to determine the abundance of propene in Titan's stratosphere. We show latitudinal and seasonal variation in the distribution of propene, propane and propyne. The large number of CIRS observations used allows us to vertically resolve the profile of each gas. We compare the values determined to those predicted by photochemical models of Hébrard et al. (2013 ), Krasnopolsky (2014 , Li et al. (2015) , and Loison et al. (2015) . Additionally, we use a corrected line list for allene to determine an updated upper limit for the molecule. 
Dataset
CIRS is a Fourier Transform infrared spectrometer, with three focal planes spanning the 10 cm −1 -1500 cm −1 spectral region (Jennings et al., 2017 km and 54 km depending on the distance to the moon. The size of the footprint was comparable to Titan's atmospheric scale height, and thus allows us to vertically resolve physical characteristics of the atmosphere.
The C 3 H 6 ν 19 band detected in Nixon et al. (2013) During the time just after the northern vernal equinox, Cassini was in a very low inclination orbit relative to Saturn. Limb observations on Titan were focused on the polar regions, as Cassini was able to view these regions of the atmosphere continuously during a Titan flyby. We therefore do not include data from just after the equinox, as no limb data exists for the latitude regions we model in this work. In each time span, we combine observations representative of three latitude regions -northern, equatorial, and southern.
In our averages, we include data from 20
• to 60
• for both hemispheres, and within 20
• of the equator. The former two bins represent the mid-latitudes, and the third bin represent the equatorial atmosphere. While the latitude boundaries for observations we include are the same before and after equinox, the physical distribution of included observations varies. As an example, in the pre-equinox time, the northern bin contains observations from 24
• N through 54
• N, whereas post-equinox we have observations only between 25
• N and 48
• N. The distribution of observations used is shown in Fig. 1 as black dots. The boundaries for each time-latitudinal bin are drawn as black boxes enclosing observations. We exclude observation centered at latitudes closer than 60
• to either pole because temperature begins to vary strongly with latitude in these regions. Including these spectra in our averages would make the resultant spectra very difficult to model and obscure details of finer latitudinal variations in the retrieved profiles.
A summary of the data used is in Table 1 .
Spectral Line Data
Molecular line lists used are described in Table 2 .
Updated Allene Linedata
No allene line lists are currently present in the HITRAN or GEISA databases. Coustenis et al. (1993) initially investigated the detectability of allene in Titan's atmosphere using spectroscopic parameters by Chazelas et al. (1985) for the ν 10 band centered at 845 cm −1 . Line intensities were obtained from band intensity measurements by Koga et al. (1979) . They concluded that the non-detection of allene implied an abundance below 5 ppbv. The same line list was used in Coustenis et al. (2003) and Nixon et al. (2010) , with upper limits discussed in Section 4.4.
As in Jolly et al. (2015), we notice that the locations of transitions and transition intensities listed in the older line list does not match those in room temperature laboratory spectra. In this search for allene, we make the necessary corrections to this older line list so the spectral data we use matches experimental laboratory spectra.
In this work, we combine the existing spectroscopic data used previously with parameters obtained by high resolution studies (Hegelund et al., 1993) that address the existence of hot bands. The hot band contribution is necessary at room temperature to allow comparisons between these calculated line lists with observed room temperature spectra. Calculations were compared and validated against room and high temperature spectra taken at 0.08 cm −1 resolution in the ν 10 /ν 9 wavenumber range (Es-sebbar et al., 2014) .
A comparison between the old line list and new line list are given against a laboratory spectrum in Fig. 2 , where the misfit between the line list used in previous studies and the laboratory data can be clearly seen.
Radiative Transfer Modeling
Spectral fitting was achieved using the NEMESIS atmospheric modeling code (Irwin et al., 2008) . NEME-SIS operates on the method of optimal estimation, which involves the computation of a forward model and a retrieval process. The forward model was calculated using the correlated-k method of Lacis and Oinas the instrument line shape. The retrieval process varies a priori profiles of chosen physical parameters to optimize the spectral fits. This is performed by minimizing a cost-function which includes the deviation of the retrieved profile from the a priori estimate, and the quality of fit to the spectra (similar to a χ 2 goodness of fit test). NEMESIS has been extensively used to determine atmospheric abundances in the outer solar system using IR spectra, and application to Titan is described in Teanby et al. (2007) , Teanby et al. (2009b) ,
and Cottini et al. (2012) .
Spectral modeling for each bin proceeded in two steps: stratospheric temperatures during observations were extracted and then used in determining the abundances of trace gases. First, the 1275 cm −1 -1325 cm −1 region of the ν 4 band of methane was modeled to retrieve the stratospheric temperature profile. While we did not model the entire ν 4 band that extends from 1250 cm −1 -1350 cm −1 , the region of the spectrum we modeled contains sufficient information to retrieve the temperatures in the altitude regions needed for modeling the trace gases. Temperature measurements proceeded by assuming a methane abundance of 1.41×10 −2 above 140 km, consistent with previous measurements and models (Lellouch et al., 2014) , (Wilson and Atreya, 2004) ) and an abundance below 140 km derived from measurements by the Huygens descent profile (Niemann et al., 2010) . In the retrieval, the temperature profile, derived from the HASI temperature (Fulchignoni et al., 2005) profile, and a non-gray aerosol haze were allowed to vary to fit the observed spectrum. This retrieved temperature was then fixed while molecules in the FP3 spectral region were allowed to vary. In the 900 cm −1 -930 cm −1 region, the Q branch of the ν 21 band of propane at 922 cm −1 , the ν 19 propene band at 912.5 cm −1 , and ν 7 lines of ethylene at 915.5 cm −1 and 922.5 cm −1 (among several weaker lines) were modeled. In the 620 cm −1 -640 cm −1 region, the propyne ν 9 band at 633 cm
and diacetylene ν 8 band at 628 cm −1 were modeled.
The a priori volume mixing ratios (VMRs) used were constant over our range of sensitive altitudes to have vertical gradient that changes with time, we chose to use a constant profile above saturation that is the same for both time spans as to not influence the results of our comparisons across latitude and time.
The a priori value for propene is comparable to predictions from Hébrard et al. (2013) , Nixon et al. (2013) , Li et al. (2015) , and Dobrijevic et al. (2016) .
Results
Example spectra from the altitude bins used in the pre-equinox southern temperature retrieval are shown in to those shown for temperature. The retrieved profiles of C 3 H 4 , C 3 H 6 , C 3 H 8 are given in Fig. 9 and Fig.   10 , and are compared to profiles reported in Bampasidis et al. (2012) and Vinatier et al. (2015) in Fig. 10 .
The C 3 H 8 profile shows a peak stratospheric abundance at 0.5 mbar in the north during late winter, with the profile flattening out to a more vertically constant profile in the equatorial and southern bins. The post-equinox profiles show the peak altitude decreasing slightly in the north, and a similar peak at 0.7 mbar forming around the equator during early northern spring.
C 3 H 6 does not follow the same trend as other C 3 hydrocarbons, the maximum abundance of the gas in both time seasons is above 1 mbar near the equator. This differs from the general trend of the other C3 hydrocarbons and trace gases, which tend to increase above the mid to high winter latitudes.
CH 3 C 2 H shows a nearly constant abundance within error bars in the northern pre-equinox bin, becoming more variable and decreasing in abundance as the latitude moves away from the winter pole. The CH 3 C 2 H abundance profiles for the post-equinox time span are comparable across latitudes. There appears to be some 8 small but systematic error of the CH 3 C 2 H spectral fit that may require re-evaluation of the methylacetlyene line list. This misfit is also seen in Fig. 10 of Vinatier et al. (2007) and Fig. 12 of Coustenis et al. (2007) .
Discussion

Propane
In the pre-equinox period, equatorial and southern propane increases with altitude from 5×10 −7 at 10 mbar to 1×10 −6 at 0.01 mbar. In the north (during winter at the time), propane achieves a maximum abundance of 1×10 −6 at 0.3 mbar before it begins to decrease with altitude, returning to an abundance comparable to the southern and equatorial regions. In the post-equinox period, the propane distribution remains largely unchanged within error bars. The south shows the abundance around 1 mbar decrease from 1×10 −6 to 8×10 −7 , just outside of the error bars on the retrieval. Because their analysis was done on a single observation, the error bars presented are large, so it is hard to compare variations in the vertical profile with our results, however they do seem compatible.
Propyne
Propyne shows stronger seasonal variation than propane. In the pre-equinox period, our results show propyne having a weak vertical gradient from 8×10 −9 at 8 mbar to just under 2×10 −8 at 0.01 mbar in the south. The vertical gradient decreases near the equator, and becomes nearly vertical in the north, indicative of the effect of downward advection within the winter polar vortex on the abundance profiles of trace gases.
In the post-equinox period, the propyne profile behaves similar across all latitudes, increasing from 1×10 indicate. Their modeled profile begins at a slightly lower abundance at 1 mbar and is in agreement with our 9 results at higher altitudes. This could be explained by our larger dataset including observations later in the season and at slightly higher latitudes, where we would expect to see more propyne at lower altitudes.
Propene
Photochemical models have included C 3 H 6 beginning after the Voyager flyby (Yung et al., 1984) . Since the start of the Cassini mission, several new models have also incorporated the molecule (Wilson and Atreya, 2004; Hébrard et al., 2013; Krasnopolsky, 2014; Li et al., 2015; Loison et al., 2015; Dobrijevic et al., 2016) . Yung et al. (1984) propose the main source of propene in Titan's stratosphere (<300 km) is from
Li et al. (2015) follow with additional production pathways
dominating the region between 600 km and 1000 km, where CH molecules are plentiful and
dominating the region between 300 km and 600 km, where the pressure is not great enough for a termolecular reaction and CH is scarce. Alternatively, Hébrard et al. (2013) include
as the dominating production reactions at mid to high altitudes.
The first detection of C 3 H 6 in Titan's atmosphere was made with the INMS instrument by Magee et al. • N pre-equinox bin. However, a spectral line list for propene did not exist at the time, so the gas could not be included in their radiative transfer calculations. Instead, estimates of abundance were made by comparing the relative intensities of the propane and propene lines, and they claimed a 3-σ abundance of (2.0-4.6)×10 −9 between 100 and 200 km.
In Fig. 11 , we compare the predicted propene profiles to the abundance we determined for the pre-quinox time span, centered on the equator. Of the models compared, Loison et al. (2015) shows the best agreement.
The abundance below 6 mbar is within the error bars of our measured values. Above that, our measurements are within the 90th percentile of modeled profiles (90th percentile being the region which encloses 90% of modeled profiles.) In all other cases, the predictions have a peak abundance at or below 1 mbar, ranging from 1 to 6 ppbv. Our profiles display a peak abundance of 10 ppbv at 0.1 mbar, higher in abundance and altitude than all of the compared profiles. The profiles from Li et al. (2015) and Krasnopolsky (2014) show good agreement in abundance below 1 mbar, but also display an inversion above 0.2 mbar that we do not see in our measurements. We also retrieve about twice as much propene compared to the values inferred from relative line strengths in Nixon et al. (2013) .
A modified version of the Loison et al. (2015) model was used as the Dobrijevic et al. (2016) model.
Since the two models have different predicted profiles for propene, we can look at the differences between the two models in attempt to isolate the factors that caused the abundance of propene to change. we are unable to say which of these changes has the greatest effect on the modeled abundance of propene.
Allene
The isomer of propyne, CH 2 CCH 2 or allene, is also theorized to be produced in Titan's atmosphere (Yung et al., 1984; Li et al., 2015) . Production pathways for allene (and propyne) include
above 600 km, with
and
dominating throughout the rest of the atmosphere.
The only potential detection of allene on Titan was made in Roe et al. (2011) , however since the line list used in the authors' analysis was in significant disagreement with the potential observed allene lines this remains only a tentative detection. Other analyses of Titan's atmosphere to search for allene have resulted in many upper limits. Coustenis et al. (2003) claimed a 3-σ upper limit of 2 ppbv, derived from disk averaged spectra from the Infrared Space Observatory (ISO). Nixon et al. (2010) estimate a 3-σ upper limit of 0.3 ppbv at 25
• N at 107 km, and 1.6 ppbv at 76
• N, 224 km, using a method described in their paper. As discussed in Section 2.2.1, the line data used in these previous works is inaccurate. We update these upper limits using a corrected line list produced by us and included in our radiative transfer calculations.
The spectrum used in the model is an average of nadir observations between 30
• S and 30
• N, from 2004-2015. Nadir observations were used to take advantage of the lower noise compared to limb viewing, however the abundance of allene is likely to be very low at the altitudes that nadir observations are sensitive to. Fig.   12 shows the best fit spectrum overlayed on the observed spectrum. The contributions of allene are visible as spikes in the dotted-line residual.
We perform a ∆χ 2 analysis similar to that described in Teanby et al. (2007) and Nixon et al. (2010) and estimate an updated 3-σ upper limit of 2.5 ppbv at 150 km within 30
• north and south of the equator. A retrieval of ethane, propane, and an aerosol haze was performed between 830 and 880 cm −1 , with allene line data not included. The χ 2 value for this retrieval was considered χ 2 0 . The best-fit abundances of ethane and propane were then fixed and varying amounts of allene were added to the atmosphere model. A forward model was run at each allene abundance to calculate a modified chi-squared value (χ m ), the ∆χ 2 value was calculated to be χ 2 m -χ 2 0 . We plot the values of ∆χ 2 as a function of added allene in Fig. 13 . Where the ∆χ 2 achieves a value of 9, we claim an upper limit with a confidence of (∆χ 2 ) 1/2 = 3-σ. The results are shown in Fig. 12 and Fig. 13 . A major challenge to modeling this allene band is the overlap of the band with the band of ethane and the band of propane. The ethane band is very bright, as seen in Fig. 12 . Therefore, relatively small discrepancies in the modeling and line list of ethane propagate heavily through to measuring allene. The propane band also present in the region we modeled is very dim and broad, further increasing the difficulty of measuring allene in this region, since it contributes mostly to the continuum in this small spectral window.
Conclusion
In this work, we have determined the first abundance profiles of propene in Titan's atmosphere, enabling us to compare the mixing ratio and spatial distribution of this gas with other trace gases, as well as compare to predictions from existing photochemical models. We've shown:
1. propene is present in Titan's atmosphere at a mixing ratio between 4 and 10 ppbv in the stratosphere 2. the abundance of propene near the equator is consistent with predictions from the Loison et al. (2015) model, but other predictions show a local inversion centered around 0.1 mbar, and a generally lower abundance 3. contrary to other trace gases, propene does not show a poleward enhancement in the winter hemisphere equatorward of 60
• . Instead, propene shows an increased abundance above the equator relative to either pole.
The results of our analysis will be useful in refining models of Titan's atmospheric chemistry and dynamics as discrepancies between observations and predictions show that current photochemical models do not accurately predict the production and destruction rates of the molecule. The unique spatial trend exhibited by propene will make it a useful constraint in global circulation and transport models, as it may be a good tracer for horizontal transport. Additionally, the polymerization of propene and other π-bond molecules may lead to the formation of Titan's haze (Teanby et al., 2009a; Trainer et al., 2013) .
We also provide a new 3-σ upper limit for allene within 30
• of the equator of 2.5×10 −9 . Because this value is calculated using corrected line data, it should be considered more reliable than values from previous calculations. : Plot of the ∆χ 2 against allene abundance. ∆χ 2 is calculated by subtracting the χ 2 calculated from the forward model with allene included in the atmosphere from the χ 2 value calculated from retrieved spectrum that does not include allene. Along these lines, a negative ∆χ 2 indicates the model-fit has improved, whereas a positive value indicates the fit is worsened. The ∆χ 2 value achieves a value of 9 near 2.5 ×10 −9 , leading us to an estimated 3-σ upper limit of 2.5 ppbv.
